OBJECTIVEdWe used fast-gradient magnetic resonance imaging (MRI) to determine the longitudinal associations between the hepatic fat content (HFF), glucose homeostasis, and a biomarker of hepatocellular apoptosis in obese youth.
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OBJECTIVEdWe used fast-gradient magnetic resonance imaging (MRI) to determine the longitudinal associations between the hepatic fat content (HFF), glucose homeostasis, and a biomarker of hepatocellular apoptosis in obese youth.
RESEARCH DESIGN AND METHODSdBaseline and longitudinal liver and abdominal MRI were performed with an oral glucose tolerance test in 76 obese youth followed for an average of 1.9 years. Cytokeratin-18 (CK-18) was measured at baseline and follow-up as a biomarker of hepatic apoptosis. The relationship between baseline HFF and metabolic parameters and circulating levels of CK-18 at follow-up were assessed using a bivariate correlation.
RESULTSdAt baseline, 38% had hepatic steatosis based on %HFF $5.5% with alterations in indices of insulin sensitivity and secretion. At follow-up, BMI increased in both groups and baseline %HFF correlated strongly with the follow-up %HFF (r = 0.81, P , 0.001). Over time, markers of insulin sensitivity and 2-h glucose improved significantly in the group without fatty liver, in contrast with the persistence of the insulin resistance and associated correlates in the fatty liver group. Baseline HFF correlated with 2-h glucose (r = 0.38, P = 0.001), whole-body insulin sensitivity (r = 20.405, P = 0.001), adiponectin (r = 20.44, P , 0.001), CK-18 levels, (r = 0.63, P , 0.001), and disposition index (r = 20.272, P = 0.021) at follow-up. In a multivariate analysis, we showed that baseline HFF is an independent predictor of 2-h glucose and whole-body insulin sensitivity.
CONCLUSIONSdIn obese youth, the phenotype of MRI-measured hepatic steatosis is persistent. Baseline HFF strongly modulates longitudinally 2-h blood glucose, biomarkers of insulin resistance, and hepatocellular apoptosis.
Diabetes Care 36: [130] [131] [132] [133] [134] [135] [136] 2013 C oncurrent with the soaring rates of childhood obesity, nonalcoholic fatty liver disease (NAFLD) has emerged as the most common liver disease in children in the U.S. (1) . NAFLD includes a wide spectrum of pathologies, ranging from simple steatosis (also called NAFL) to steatohepatitis (NASH) to fibrosis/cirrhosis (2, 3) . NAFLD is associated with hyperlipidemia, insulin resistance, and type 2 diabetes. Thirty to forty percent of obese youth have NAFLD, and ;10% of them develop NASH, characterized by inflammation and hepatocyte ballooning on a background of hepatic steatosis (1, (4) (5) (6) . Although simple hepatic steatosis usually has a "benign course," NASH, on the other hand, may progress to end-stage liver disease. Progression to more deleterious stages occurs more rapidly in children than in adults, as described by Feldstein et al. (7) .
Accurate diagnosis and staging of NAFL/NASH requires liver biopsy. Due to its associated risks, high cost, and poor acceptability in pediatrics, liver biopsy is a roadblock limiting advancement in the pathogenesis and natural history of the disease in children. However, two imaging techniques ( 1 H-nuclear magnetic resonance [ 1 H-NMR] and fast magnetic resonance imaging [fast MRI]) have been proven to accurately quantify fatty liver content (NAFLD) in both adults and children and thus are increasingly being used in clinical research (8) (9) (10) . A hepatic fat content (HFF) $5.5% is consistent with the diagnosis of hepatic steatosis (8) (9) (10) . In our group, the fast MRI was strongly correlated with 1 H-NMR measures of steatosis and with macrovesicular steatosis/NASH seen on liver biopsy in obese children (11) . However, information on advanced stages, such as inflammation and fibrosis, cannot be obtained with these imaging techniques.
There is a high prevalence of hepatic steatosis in obese children and adolescents. The potential for progression to deleterious stages of liver disease and its association with type 2 diabetes creates a need to accurately identify those children and to track the putative metabolic changes associated with hepatic steatosis. Although there is vast literature on the effect of fatty liver on metabolic deterioration in adults, little is known about this process in the pediatrics. Therefore, the aim of this study was to follow a multiethnic group of obese children and adolescents with and without liver steatosis and track changes in metabolic parameters in relation to baseline HFF measured by fast MRI. We hypothesize that baseline HFF would strongly modulate the changes in glucose metabolism and insulin resistance over time in obese youth. Furthermore, circulating levels of cytokeratin-18 (CK-18), a biomarker of hepatocellullar apoptosis, known to be linked to steatohepatitis (12) , was measured to follow the putative association between steatosis and hepatocellular damage longitudinally.
RESEARCH DESIGN AND METHODS
The cohort Participants in this cohort were recruited from the Yale Pediatric Obesity Clinic and are part of a longitudinal study on the pathophysiology of type 2 diabetes. Subjects with medical conditions or using medications that may affect lipid metabolism were excluded. All subjects were nonsmokers. Information related to alcohol consumption was obtained using a questionnaire. Autoimmune hepatitis, Wilson disease, a-1-antitrypsin deficiency, hepatitis B and C, and iron overload were excluded in subjects with persistent elevation in alanine aminotransferase (ALT; .6 months). Participants were followed biannually as outpatients by the clinical staff and received standard nutrition counseling and physical activity recommendations for pediatric obesity (13) . The protocol for longitudinal assessment of intra-HFF and abdominal fat distribution by MRI, glucose, and lipid metabolism was approved by the institutional review board of the Yale University School of Medicine. Written informed consent was obtained from the parents and assent from the children and adolescents. (11, 16, 17) . Without T1 correction, lowfat fractions can be overestimated (16) , whereas higher-fat fractions remain relatively unaffected. In our methodology, we used a small flip angle (308) to minimize T1 effects. A simple explanation for some of the negative fat fractions arises in low-signal-to-noise ratio regions where inphase/out-of-phase difference is within the noise, or where the tissue is composed of either mostly all fat or mostly all water such that the in-phase/out-of-phase differences are also around zero. The T2 correction is very important in cases where iron overload may lead to T2 changes (11), but none of the patients in our study had iron overload; thus, this effect can be eliminated as a concern that might influence our results. Although some studies recently have been published using fat fractions that have been corrected for T1 and T2, this is currently an area of active research and the correction schemes are not necessarily as straightforward. Fat has multiple spectral components, and this single measurement of T2 decay curve is not adequate (such a measurement yields oscillating signal behavior) (16) . For these reasons, we did not correct for T1 or T2 effects but do not feel such corrections would significantly alter the results, and could introduce additional errors (18) . Subjects were grouped into the following: low HFF, where HFF% is ,5.5%, or high HFF, where HFF% is $5.5%.
Validation of fast MRI
We validated the modified 2PD method against 1 H-NMR in 34 lean and obese adolescents and found a very strong correlation between the two methods (r = 0.954, P , 0.0001) (15) . To assess its repeatability, repeated assessments were performed on the same day by the same operator. The within-subject SD for % HFF was 1.9%. This degree of reproducibility is within the boundaries to make this a viable method to assess the relation between HFF and metabolic outcomes. Kim et al. (15) demonstrated that a 2PD HFF cutoff of 3.6% provided good sensitivity (80%) and specificity (87%) compared with a 1 H-NMR reference (15) . Comparisons between the 2PD method and histological determination of fatty liver have been made, only in adults. Fishbein et al. (17) found in 38 patients undergoing biopsy for a variety of liver diseases a highly significant correlation between liver histology and MRI determination of %HFF, particularly with macrovesicular steatosis (r = 0.92, P , 0.001). Pacifico et al. (19) validated the MRI-measured HFF with steatosis obtained from liver biopsies in 25 obese adolescents and found a strong correlation of 0.86 (P , 0.0001). Fast MRI was used to track longitudinal changes in adults during pioglitazone treatment (20) and in a case report involving obese adolescents with NAFLD undergoing gradual weight loss (9) .
Abdominal MRI and total-body composition Abdominal MRI studies were performed on a Siemens Sonata 1.5 Tesla system. Total body composition was measured by dual-energy X-ray absorptiometry with a Hologic scanner (Boston, MA).
Oral glucose tolerance test
All subjects were invited to the Yale Center for Clinical Investigation at 8:00 A.M. after an overnight fast. After the placement of an indwelling venous line, baseline samples were obtained for glucose, insulin, C-peptide, lipid profile, liver enzymes, hemoglobin A 1c , and total adiponectin. A standard 3-h oral glucose tolerance test was performed as previously reported (21) . Indices of insulin resistance (homeostasis model assessment of insulin resistance [HOMA-IR] and Matsuda index [whole-body insulin resistance index, WBISI]) and insulin secretion (insulinogenic index [IGI] and DI) were calculated as previously reported (21, 22) . The disposition index was calculated as the products of the whole body insulin sensitivity index (WBISI) and the insulinogenic index (IGI). Definition of the metabolic syndrome was based on the pediatric criteria according to Weiss et al. (23) . Children and adolescents in our study were classified as having metabolic syndrome if they met three or more of the following criteria for age and sex: BMI .97th percentile (z score, 2.0 or more), triglyceride (TG) level .95th percentile, HDL cholesterol level ,5th percentile, systolic or diastolic blood pressure .95th percentile, and impaired glucose tolerance. The degree of insulin resistance was determined with the use of a homeostatic model (HOMA-IR). Scores ordinarily range from 0 to 15, with higher scores indicating greater insulin resistance, and are calculated as the product of the fasting plasma insulin level (in microunits per milliliter) and the fasting plasma glucose level (in millimoles per liter), divided by 22.5.
Biochemical analysis
Plasma glucose was measured using the YSI 2700 STAT Analyzer (Yellow Springs Instruments) and lipids using an autoanalyzer (model 747-200; Roche-Hitachi). Plasma insulin and total adiponectin were measured using double-antibody radioimmunoassay from Millipore and C-peptide using double-antibody radioimmunoassay from Diagnostic Products Corp. Liver enzymes were measured using standard automated kinetic enzymatic assays. Apoptotic markers were measured using an immune-based assay (enzyme-linked immunosorbent assay), as previously reported (12, 24, 25) . The intra-assay variations were ,4% and interassay variations were ,10%.
Statistical analysis
2 tests. Differences between subjects with low or high HFF at baseline were evaluated using independent-samples t test or Mann-Whitney U test, and baseline and follow-up variables were evaluated with paired t tests for normally distributed variables or Wilcoxon signed rank tests for variables with a skewed distribution. In order to evaluate the contribution of baseline HFF (%) to liver steatosis as well as metabolic parameters at follow-up, a simple correlation was performed with Pearson correlation coefficients. In addition, two multiple, stepwise, linear regressions were also performed in order to evaluate the effect of baseline HFF (%) on the two main glucose metabolism parameters (2-h blood glucose and WBISI). Both regressions were also adjusted for age, sex, ethnicity, BMI-Z, D BMI-Z, and length of follow-up. Baseline 2-h blood glucose and WBISI were also included in the two models, respectively. All analyses were performed using SPSS 15.0 for Windows, and statistical significance was assessed at the two-tailed 0.05 threshold.
RESULTS
Anthropometric and metabolic phenotypes according to liver fat content at baseline Based on the %HFF, the subjects were divided into groups with low (HFF ,5.5%) and high HFF ($HFF 5.5%). At baseline, the two groups had similar age, sex, height, weight, BMI, BMI-Z, waist circumference, and percent body fat. By definition, HFF (%) values were significantly different between the two groups. Abdominal fat distribution measurements showed only significantly higher visceral and visceral-to-subcutaneous fat ratio values in obese youth with high HFF compared with those with low HFF (Table 1 and Fig. 1 ).
Fasting glucose concentrations were similar between the two groups, whereas fasting insulin and both 2-h glucose and insulin were higher in the high-HFF group, consistent with a greater degree of insulin resistance, as indicated by the HOMA-IR and lower WBISI. Baseline early insulin secretion (IGI) was lower in the group with high HFF than the group with low HFF. The high-HFF group showed a trend for a lower DI, although it did not reach a statistically significant value. Fasting adiponectin concentrations were significantly lower in the group with high HFF. ALT and aspartate aminotransferase (AST) values, TGs, and TG-to-HDL cholesterol ratio were significantly higher in the high-HFF group. Of note, the prevalence of metabolic syndrome was significantly lower in the low-HFF group (P , 0.001).
Liver fat content and glucose metabolism at follow-up Both groups were followed for an average period of 1.8 years (P = 0.576). Those with high HFF had a significantly greater increase in BMI in contrast to the group with low HFF. Indeed BMI-Z decreased significantly in the low-HFF group, whereas no changes were observed in the high-HFF group. Of note, no significant changes were observed in HFF and visceral fat in either group. Glucose metabolism and insulin sensitivity indices significantly improved in the low-HFF group, whereas no significant changes were documented in the high-HFF group (Table 1 and Fig. 1 ). In particular, fasting and 2-h blood glucose and area under the curve (AUC) 2-h blood glucose significantly decreased during follow-up in the low-HFF group. In addition, fasting insulin significantly decreased whereas WBISI significantly increased at follow-up. A trend for increasing adiponectin concentrations and DI values as well as for a reduction in IGI values was documented. In particular, at follow-up, DI values were significantly higher in the group with low HFF than the group with high HFF (P = 0.01). In contrast, in the high-HFF group, both glucose and insulin sensitivity and secretion indices remained stable or showed worsening trends during the follow-up. In the low-and high-HFF groups, lipid profile as well as transaminases did not significantly change at follow-up. Circulating CK-18 levels were significantly higher in the group with fatty liver at baseline (153 6 58 units/L) and follow-up (178 6 83 units/L) compared with the values in the group without fatty liver (baseline 128 6 31 units/L, follow-up 141 6 36 units/L; P = 0.04).
Of note, at follow-up, the prevalence of metabolic syndrome decreased significantly, by 50%, in the low-HFF group in contrast to no changes in prevalence in the high-HFF group.
Correlation between HFF at baseline and main metabolic parameters at follow-up Baseline %HFF correlated strongly with the follow-up %HFF (r = 0.81, P , 0.001). Thus, obese adolescents with a high fat content at baseline remained in the same category over time. As for biomarkers of hepatocellular injury, we found a strong association between baseline HFF (%) and CK-18 levels (r = 0.613, P , 0.001) (Fig. 2) . Furthermore, both ALT (r = 0.667) and AST (r = 0.606) correlated strongly with baseline %HFF (P = 0.001).
Regarding the markers of glucose and insulin metabolism, we found that a high HFF at baseline significantly correlated with 2-h glucose (r = 0.381, P = 0.001), HOMA-IR (r = 0.405, P , 0.001) (a marker of hepatic insulin sensitivity), whole-body insulin sensitivity indices (r = 0.417, P , 0.001), circulating adiponectin levels (r = 0.444, P = 0.001), and DI (r = 20.272, P = 0.021) at follow-up. To further analyze the role of baseline HFF in determining impaired glucose regulation at follow-up, we used multiple linear regression analyses after adjusting for confounding factors. Baseline HFF was significantly associated with both 2-h glucose and WBISI at follow-up. We found that baseline HFF strongly predicts 2-h glucose (b = 0.281, P , 0.01) and insulin sensitivity (b = 20.159, P = 0.037).
CONCLUSIONSdAlthough hepatic steatosis is a well-recognized complication of childhood obesity, limited information regarding its future association with glucose dysregulation and potential liver damage in children is available. Our study suggests, first, that in the context of no weight loss or pharmacologic interventions, the phenotype of hepatic steatosis measured by MRI in obese youth is persistent. In fact, a strong correlation exists between the baseline and follow-up % HFF. Second, the HFF at baseline appears to be an independent modulator of post-2-h plasma glucose levels and insulin resistance. Third, baseline HFF correlates at follow-up with a circulating biomarker of liver apoptosis, CK-18.
In cross-sectional studies, our group showed that increased hepatic fat accumulation represents an independent and relevant factor related to glucose dysregulation in obese youth. As reported by Cali et al. (18) , in a multiethnic group of 118 obese adolescents stratified according to tertiles of HFF, independent of obesity, the severity of fatty liver was associated with a significant decrease in insulin sensitivity and impairment in b-cell function, indicated by the decrease in the DI. Furthermore, paralleling the severity of fatty liver, there was a significant increase in the prevalence of metabolic syndrome. Hepatic steatosis may be a predictive factor of metabolic syndrome in children. D'Adamo et al. (26) reported that intrahepatic fat accumulation is more than a simple marker of insulin resistance in obese adolescents and is associated with impaired insulin sensitivity at the level of the liver, muscle, and adipose tissue. In accordance with previous reports, this study confirmed the cross-sectional association between high HFF and both impaired glucose metabolism and metabolic syndrome in obese youth. Additionally, we report here, for the first time, that the effects of HFF also strongly influence the metabolic parameters in the longitudinal setting. In particular, we showed that both glucose (fasting and 2-h blood glucose and AUC 2-h blood glucose) and insulin sensitivity (WBISI) indices at followup significantly improved in the low-HFF group, whereas no significant changes were documented in the high-HFF group. More importantly, during the follow-up, we documented a significant improvement of b-cell function in subjects with low compared with high HFF. In particular, at follow-up, DI values were significantly higher in obese youth with low HFF at baseline compared with the other group. These effects on relevant markers of b-cell function are of paramount importance. Indeed, the DI allows the calculation of b-cell function relative to insulin sensitivity. Our results therefore suggest that the b-cells are unable to adequately compensate for the ambient level of insulin resistance and therefore are very vulnerable, thus increasing susceptibility to type 2 diabetes. Of note, the subjects with fatty liver had elevated 2-h glucose during the oral glucose tolerance test, which indicates an imminent prediabetic state. In addition, a significant and positive association was documented between baseline HFF and longitudinal-fasting, 2-h blood glucose and AUC 2-h glucose. Insulin sensitivity and secretion indices (fasting and 2-h insulin, WBISI, and adiponectin) as well as DI at follow-up correlated with baseline HFF. These relevant correlations were further confirmed by the multiple, stepwise, linear regression analysis showing an independent relationship between baseline HFF and longitudinal metabolic parameter (2-h blood glucose and WBISI) even after adjusting for confounding factors (age, sex, ethnicity, BMI-Z, D BMI-Z, and duration of follow-up).
NAFLD encompasses a wide spectrum of conditions associated with overaccumulation of fat in the liver, ranging from NAFL or simple steatosis to NASH and cirrhosis. Although NAFL typically follows a benign, nonprogressive clinical course, NASH is a potentially serious condition; as many as 25% of patients may progress to cirrhosis and experience complications of portal hypertension, liver failure, and hepatocellular carcinoma (8, 9, 27) . At present, the available noninvasive tests to distinguish NASH from NAFL include clinical signs and symptoms, routine laboratory and radiological imaging tests, and combinations of clinical and blood test results. Unfortunately, these tests are of limited use, and liver biopsy remains the only reliable way of diagnosing NASH and grading the severity of liver damage. However, an invasive liver biopsy is poorly suited as a diagnostic test, especially in children. Thus, in the current study, we elected to measure a biomarker of hepatocyte apoptosis as an indicator of putative NASH. Hepatocyte apoptosis is a prominent morphologic and pathogenic feature of NASH (28) . During apoptosis, caspase-cleaved CK-18 is released into the cytoplasm and in the serum after cell death. Therefore, circulating soluble forms of CK-18 are being used to quantify apoptotic activity. Wieckowska et al. (29) quantified CK-18 fragments in adults with biopsy-proven NASH, finding that a cutoff value of 380 units/L gave specificity for NASH diagnosis of 94% and a sensitivity of 90.5%. The predictive value of CK-18 was further confirmed in the NASHClinical Research Network study (12) . Together with A.E. Feldstein, we measured CK-18 levels in the obese adolescents with varying degrees of MRI-measured hepatic steatosis at baseline and follow-up. Thus, the strong relationship between baseline hepatic steatosis and increasing CK-18, a biomarker of NASH, indeed suggests that the mere presence of MRI-measured hepatic steatosis is not only a modulator of diabetes and cardiovascular risk but may also be a harbinger of NASH in obese kids. It is important to note that the all participants received standard lifestyle recommendations (i.e., nutrition counseling and physical activity recommendations). Of note, only in those subjects with low HFF did we document an improvement of the main outcomes of interest during the follow-up period, whereas no similar changes were documented in those with high HFF.
The main strength of our study is the use of fast MRI as a noninvasive imaging technique for monitoring fatty liver disease. This technique reliably measures hepatic fat and is in strong agreement with magnetic resonance spectroscopy, the gold standard for the imaging of liver steatosis. Fast-gradient MRI is closely correlated with biopsy-proven macrovesicular steatosis obtained in obese children (19) . Moreover, for the first time, we report about a measure of hepatocellular apoptosis and its relation to baseline hepatic steatosis. Weaknesses are the relatively small sample size and short period of follow-up.
In conclusion, in obese children and adolescents, the phenotype of MRI-measured hepatic steatosis is persistent. In obese youth, the degree of HFF is a strong modulator both cross-sectionally and longitudinally of insulin and glucose metabolism and of hepatocellular apoptosis, as determined by CK-18.
